A combined transmission electron microscopy-scanning tunneling microscopy ͑TEM-STM͒ technique has been used to investigate the force interactions of silicon and germanium nanowires with gold electrodes. The I(V) data obtained typically show linear behavior between the gold electrode and silicon nanowires at all contact points, whereas the linearity of I(V) curves obtained for germanium nanowires were dependent on the point of contact. Bistable silicon and germanium nanowire-based nanoelectromechanical programmable read-only memory ͑NEMPROM͒ devices were demonstrated by TEM-STM. These nonvolatile NEMPROM devices have switching potentials as low as 1 V and are highly stable making them ideal candidates for low-leakage electronic devices.
Bottom-up assembly of well-defined nanoscale building blocks, such as molecules, quantum dots, and nanowires, represents a powerful approach for the construction of future integrated circuits. Indeed, some researchers have already demonstrated that semiconductor nanowires and carbon nanotubes can act as building blocks for the assembly of simple devices and interconnects.
1 Although the optical and electronic properties of nanotubes and nanowires have been intensely investigated, there have been few studies on the force interactions of nanotubes 2, 3 and no studies on the force interactions of nanowires with electrical contacts. Such studies are, however, important parameters to investigate in the development of nanoelectromechanical systems ͑NEMS͒. Traditionally, mechanical devices are considered to be slow. However, utilizing nanoscale structures for mechanical devices could in theory achieve GHz or THz resonance frequencies making NEMS faster than current electronic devices. 3, 4 To date, researchers have focused on using carbon nanotubes as building blocks for the construction of NEMS due to their mechanical strength. 4, 5 However, during carbon nanotube synthesis both metal and semiconducting nanotubes are generated rendering the electrical response of nanodevices based on carbon nanotubes unpredictable. Semiconductor nanowires, such as silicon or germanium, however, offer the distinct advantage over carbon nanotubes in that their sizes and electronic properties can be controlled in a predictable manner during their synthesis. 6 Thus, the electrical response of NEMS based on semiconductor or metallic nanowires should be more predictable than carbon nanotube based devices and have recently been investigated. 7 The combination of transmission electron microscopy ͑TEM͒ with scanning tunneling microscopy ͑STM͒ ͑TEM-STM͒ allows direct visualization of the materials being investigated. 8 In this letter, we describe an in situ TEM-STM probing technique to measure the force interactions of silicon and germanium nanowires with gold electrodes. The jumpto-contact and jump-off-contact distances of the nanowires to and from the electrode were measured to determine the van der Waals ͑vdW͒ and electrostatic force interactions important to the development of NEMS. We also illustrate how the semiconductor nanowires can be utilized in the construction of a simple nanoelectromechanical programmable read-only memory ͑NEMPROM͒ device.
Silicon and germanium nanowires were synthesized directly onto a macroscopic gold wire (diameterϭ0.25 mm) which was subsequently used in the TEM-STM experiments ͑see EPAPS Ref. 9 for supplemental material͒ as shown in Fig. 1 . The controlled approach of the electrode to the nanowire was utilized to measure the distance at which the nanowire jumped to the gold contact ͑jump-to-contact distance͒. After contact of the nanowire with the gold electrode, controlled withdrawal of the piezotube resulted in nanowire/ contact separation and a measurable jump-off-contact distance. The jump-to-contact and jump-off-contact distances were measured at different applied voltages and can be directly related to the attractive forces between the nanowire tip and the gold electrode as demonstrated in Fig. 1͑b͒ . The attractive vdW forces (F vdW ) and electrostatic interactions (F elec ) between the nanowire and the gold electrode are countered by the opposing elastic energy (F elas ) exerted by the nanowire. The pull-on and pull-off forces between the nanowire and the Au electrode can be calculated using the spring constant of the nanowires, k.
To relate the vdW and electrostatic forces to the pull-on and pull-off forces, the total force (F T ) acting on the nanowire was calculated at different applied voltages assuming that the total force is the sum of vdW and electrostatic interactions, F T ϭF vdW ϩF elec . Although the attractive interac- tions will be a function of geometry, we found that a sphere ͑wire͒-plane ͑electrode͒ geometry, commonly used in AFM studies, 10, 11 gave the most accurate results ͓see zoom-in schematic of Fig. 1͑b͔͒ . Combining the vdW and electrostatic forces ͑see EPAPS Ref. 9͒ between the tip of a Si nanowire (dϭ91 nm) and the gold electrode results in force-distance curves typical to that shown in Fig. 1͑c͒ for an electrostatic potential of 1 V. As the nanowire tip is moved toward the electrode ͑point a͒, the attractive forces acting on the nanowire tip steadily increase. At point b, the attractive force gradient exceeds the spring constant ͑dotted lines͒ of the nanowire (dF T /dzуdF elas /dzϭk) 10 and the physical jumpto-contact occurs and comes to equilibrium at the intersection of F(z) and the spring constant ͑point c͒. The jump-tocontact distance is the distance between points b and c and varies from AFM jump-to-contact distances because the tip and sample deflection can be viewed in our experiments. The jump-off-contact occurs once the spring constant is greater than the total attractive force gradient (dF T /dzрdF elas /dz ϭk), which occurs at the minimum in the force curve ͑point d͒. The calculated jump-off-contact distances ͑point e͒ were determined from the spring constant and the minimum in the force-distance curve. 12 There is agreement between the calculations and the experimental results of the jump-to-contact distance at low voltages (Vр1). At higher voltages (V Ͼ1), the experimentally determined jump-to-contact distances were longer than calculated. This discrepancy suggests that the electrostatic attractive forces are stronger than the theoretical sphere-plane interactions calculated at high potentials possibly due to the breakdown of the electrostatic potential equation at high voltages or large distances 12 or due to error in the calculated spring constant. The jump-offcontact distances predicted are also in agreement with the experimental results at low voltages (Vр1). However, at higher voltages substantially shorter experimental jump-offcontact distances are observed than predicted by the calculations. These discrepancies are possibly due to shearing forces that occur at the nanowire/electrode contact during nanowire withdrawal minimizing adhesion forces and resulting in shorter jump-off-contact distances.
Si nanowires ͑40-90 nm in diameter͒ typically displayed linear I(V) behavior as shown in Fig. 2͑a͒ , and was independent of the point of contact between the nanowire and the gold electrode. The resistance of the Si nanowires did not vary significantly with contact area when the contact width was changed between 4 and 55 nm resulting in resistances between 15 and 45 M⍀. Although the contact resistances cannot be adequately determined through simple two-point contact, the resistivities of the Si nanowires can be approximated to be of the order of 10 Ϫ2 ⍀ m. The relatively low resistivities for Si nanowires are indicative of a highly doped nanowire with an impurity concentration of approximately 10 16 cm Ϫ3 . 13 Ge nanowires ͑40-150 nm in diameter͒ showed I(V) curves that were dependent on the point of contact as seen in Fig. 2͑b͒ . Contact through the side of the nanowire showed a nonconductive gap, which varied randomly ͑1-8 V͒ but typically was between 2 and 4 V. However, moving the electrode to the nanowire tip and contacting the gold hemisphere typically resulted in a significant decrease in the nonconductive gap and in nearly linear I(V) behavior. These changes in the I(V) behavior with contact position suggest that there is an unstable native oxide layer on the Ge nanowires of varying thickness which acts as a barrier to the conductance. The resistance of the Ge nanowires varied significantly between 0.15 and 1 G⍀ corresponding to resistivities of the order of 10 Ϫ1 ⍀ m. The higher resistivity suggests that the Ge nanowires are not as highly doped with gold as the Si nanowires having an impurity concentration of approximately 10 14 cm Ϫ3 .
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These semiconductor nanowires were utilized for the development of NEMS, such as nanoelectromechanical programmable read-only memory ͑NEMPROM͒ devices, which require two stable conditions ͑ON/OFF͒. To quantify the bistability behavior of nanowire-based NEMPROM devices, calculations based on the total potential energy of the nanowire E T ϭE vdW ϩE elec ϩE elas were performed. The vdW and electrostatic potentials were calculated using the relation- ships described above where Eϭ͐Fdz. The switching behavior of a Ge nanowire-based NEMPROM device is seen in Fig. 3 . Figure 3͑a͒ shows the calculated potential energy diagrams for the nanowire-electrode interactions. There are two local minima ͑ϳ1 and ϳ15 nm͒ at low voltages and the circuit is initially OFF due to the energy minimum at the device separation distance ͑w͒ where the elastic energy of the nanowire is minimal. The other minimum ͑ON͒ is due to vdW interactions when the wire and electrode are in contact. To switch between these two minima, an electrostatic field of 3 V is applied which alters the interaction energy resulting in the deflection of the nanowire into contact with the gold electrode producing an ON state. Removal of the electrostatic potential, however, does not allow the nanowire to switch back to the OFF position due to the energy barrier (ӷ10k B T) 4 between the two local minima at low voltage ͓see the inset of Fig. 3͑a͔͒ .
An example of a NEMPROM device made from a Ge nanowire is shown in the TEM sequence of Figs. 3͑b͒-3͑g͒. As the voltage is slowly increased in Figs. 3͑b͒ and 3͑c͒ , the device remains OFF. However, once the voltage is increased to 8.4 V, jump-to-contact is made as seen in Fig. 3͑d͒ and in the I(V) in Fig. 3͑h͒ . The jump-to-contact is too fast to be measured but the resonant frequency of this nanowire can be estimated to be in the MHz regime. The nanowire remains in contact ͑ON͒ with the electrode even when the electrostatic field is removed due to the minimum in the potential energy curve ͓Fig. 3͑e͔͒. These devices remain indefinitely stable demonstrating the nonvolatility of these devices for memory applications or other low-leakage devices. Although these devices are highly stable, these NEMPROM devices can be switched OFF by mechanical motion or by heating the device above the stability limit (ӷ10k B T). Figures 3͑e͒ through 3͑g͒ demonstrate that little shearing motion is required to overcome the vdW attractive forces. The relatively large switching potential utilized in this device was used for demonstration purposes so that the full deflection of the nanowire could be easily viewed. Smaller separation distances require much smaller switching potentials. However, there is a minimum distance or critical gap ͓point b of Fig.  1͑c͔͒ that must be maintained or the device will become unstable due to the strong vdW attractive forces resulting in the formation of a single minimum. NEMPROM devices can function at any distance between points b and e of the forcedistance curve in Fig. 1͑c͒ . The NEMPROM devices synthesized in our experiments were robust; each nanowire tested could be switched ON and OFF multiple times ͑20-50͒ without noticeable deformation or fracture. However, further experimentation is required to determine their viability in future devices. FIG. 3 . ͑a͒ NEMPROM device calculations at different electrostatic potentials for Ge nanowire (dϭ50 nm;lϭ1.5 m). Inset shows the energy barrier between the two stable ͑ON/OFF͒ minima in relation to 10k B T. ͑b͒-͑d͒ TEM sequence showing the jump-to-contact of a Ge nanowire as the voltage is increased. ͑e͒ TEM image demonstrating the stability of device after removal of the electrostatic potential. ͑f͒ and ͑g͒ TEM sequence demonstrating the resetting behavior of the device. Note that the device is indefinitely stable but reset with a slight amount of shearing motion. ͑h͒ I(V) of NEMPROM device showing no conductivity until after contact is made at a potential of 8.4 V.
